The goal of this study was to identify specific neurocognitive deficits that are associated with older listeners' difficulty understanding rapid speech. Older listeners performed speech recognition tests comprised of time-compressed sentences with and without context, and on a neurocognitive battery aimed specifically at testing working memory, processing speed, and attention. A principle component analysis identified three main cognitive components as follows: a sequencing working memory (WM-S) component, a nonsequencing working memory (WM-NS) component, and a processing speed (PS) component. Each of the cognitive component scores was divided into high, mid, and low categories. Sentence performance of the cognitive subgroups was compared within each component. The results showed that, with hearing loss and age accounted for, the cognitive score groups differed similarly on the sentence condition scores also at 50 and 60% time compression, particularly on the subgroups of the WM-S component. The results suggest that deficits in a separate working memory function identified as sequencing were associated with differences in ability to understand time-compressed speech in this study.
I
t is generally agreed that the speech understanding difficulties of older adults are not consistently or adequately explained by the degree and configuration of hearing loss, and in fact, there are instances where these difficulties exist even in the absence of clinically significant hearing loss. This phenomenon has led to the hypothesis that age-related central auditory and cognitive processing deficits likely contribute to speech understanding difficulties experienced by older adults. The cognitive constraints most often identified as likely contributors are reduced working memory function and slowed speed of cognitive processing, functions that also decline with age (Strayer et al, 1987; Verhaeghen, 1999; Wingfield et al, 2000; Brebion, 2001) . Of course, it is recognized that hearing loss affects the early stages of peripheral processing, thereby providing an impoverished signal for later stages of auditory and cognitive processing. If, in older adults, these later stages are compromised by age-related cognitive declines, speechunderstanding deficits may result even if hearing loss is mild or even absent.
A characteristic feature of speech is the rapid rate at which it occurs. Speech is a complex acoustic signal in which the incoming acoustic and linguistic information proceeds on average at a rate between 200 and 270 words per minute (Wingfield et al, 1985) , with considerable variability in speaking rates between and even within speakers (Miller et al, 1984) . Listeners must therefore both store and process the incoming information, and these simultaneous functions must keep pace with the speech input in order to understand verbal communication. Lectures, movies, newscasts, and other types of ongoing speech place even more demands on cognitive processing because of the cumulative nature of the incoming information. Time compression is a method of speeding up speech while preserving both the pitch and prosody of the utterance. Time-compressed speech therefore shows promise as an effective tool to investigate the effects of declines, with age, in working memory and in processing speed. Older adults do not perform as well as younger adults on time-compressed speech recognition tests even when hearing loss is taken into account (Vaughan and Letowski, 1997; Gordon-Salant and Fitzgibbons, 2001) . One study compared both uniform time compression and selective time compression of consonants within sentences and found that the poor performance of older listeners on rapid speech recognition tests was due to the reduction of consonant cues produced by the time-compression algorithm (GordonSalant and Fitzgibbons, 2001) . However, to date, cognitive contributions to speech understanding deficits of older listeners have not been thoroughly investigated in association with time-compressed speech. Recent studies have shown the effects of cognitive limitations on benefits received from sophisticated signal processing strategies in modern hearing aids that categorías alta, media y baja. El desempe_o con las frases en los subgrupos cognitivos se comparó con cada componente. Los resultados mostraron que, considerando la hipoacusia y la edad, los grupos de puntaje cognitivo tuvieron diferencias similares en las frases a compresiones temporales de 50 y 60%, particularmente en los sub-grupos del componente WM-S. Los resultados de este estudio sugieren que las deficiencias en una función de memoria de trabajo separada, identificada como secuencial, se asocian con diferencias en la capacidad de entender lenguaje con compresión temporal.
inadvertently create temporal distortions in the aided speech signal.
The primary hypothesis of the current study was that declines in working memory contribute to speech understanding deficits in older listeners. Secondary hypotheses were that changes in attention and processing speed interact with working memory and contribute to speech understanding deficits in older adults. Time-compressed speech was used because it increases the working memory load and decreases time available for processing. It has been suggested that when speed of processing slows with aging, working memory deficits appear (Salthouse, 1992; Fry and Hale, 2000) . In addition, age-related attentional deficits have been shown to be important in a variety of performance tasks in older adults (Morris et al, 1988; Tun et al, 1992; Giambra, 1993; Sullivan, 1993) .
M ME ET TH HO OD DS S S Su ub bj je ec ct ts s Qualified participants were 176 native speakers of American English, aged 50 through 75 years, with pure-tone thresholds of 40 dB HL or better between 250 Hz and 1000 Hz, 60 dB HL or better at 2000 and 3000 Hz, and not greater than 70 dB HL at 4000 Hz. Normal hearing was defined as less than or equal to 25 dB HL at octave and interoctave frequencies from 250 through 4000 Hz. Participants with conductive hearing loss (defined as air bone gaps of >15 dB and abnormal tympanograms; American SpeechLanguage-Hearing Association, 1990) were excluded. Other exclusion criteria were based on screening tests to rule out changes in cognitive function inconsistent with normal aging, that is, significantly below normal general intellectual ability (IQ), memory, and the presence of significant clinical depression. Reduced intellectual ability was defined by a Wechsler Abbreviated Scale of Intelligence (WASI) IQ score less than 70. Reduced memory was defined by a California Verbal Learning Test-II (CVLT-II) uncued delayed recall z-score of ≤-2. Significant depression was defined by Beck Depression Inventory-II (BDI-II) score of >19. A limited battery of auditory processing tests was administered to be included in future analysis, but none was used to exclude participants.
A As ss se es ss sm me en nt t I In ns st tr ru um me en nt ts s N Ne eu ur ro oc co og gn ni it ti iv ve e T Te es st ts s As described above, the BDI-II, CVLT-II, and the WASI were used to exclude participants who were inappropriate for the study goals. The primary neurocognitive battery listed below was composed of tests of working memory, speed of processing, and attention.
V Vi is su ua al l W Wo or rk ki in ng g M Me em mo or ry y T Te es st ts s 1. N-back (Cohen et al, 1994; Cohen et al, 1997) . This is a computerized test that has been frequently used to assess working memory in functional Magnetic Resonance Imaging (fMRI) studies of brain function. The test requires the participant to identify, from a series of letters appearing one-by-one on the screen, each letter that has previously appeared either one or three letters previously (e.g., one-back, three-back). It increases in difficulty with increased number of intervening letters between repeated letters. 2. Self-Ordered Pointing Test (SOP) (Petrides and Milner, 1982; Petrides, 1994) . This test requires the participant to point to one of 8 or 10 abstract designs that appear simultaneously in an array on the computer screen. The participant is presented with a series of trials with the designs rearranged at the beginning of each trial at different positions within the array. Trials are presented in three blocks each of either eight trials for the eight-design array or ten trials for the ten-design array. For each trial, the participant must point to one of the designs without pointing to any design already selected in a previous trial in the same block.
V Ve er rb ba al l W Wo or rk ki in ng g M Me em mo or ry y T Te es st ts s 1. Wechsler Adult Intelligence Scale-III (WAIS-III) Digit Span subtest (Wechsler, 1997 (van Rooij and Plomp, 1990; Jerger et al, 1991) . We used a simple task in each of the visual and auditory modalities. The participant must push either a right or a left button upon hearing or seeing the appropriate word ("RIGHT," "LEFT").
T Te es st ts s o of f A At tt te en nt ti io on n 1. The Brief Test of Attention (BTA) (Schretlen et al, 1996a (Schretlen et al, , 1996b (Conners, 2000) is a computerized test of attention that requires sustained attention over a long time period (14 minutes). Participants are presented a series of single letters on the computer screen at varying interstimulus intervals and are instructed to press the space bar for every letter except "x." S Sp pe ee ec ch h R Re ec co og gn ni it ti io on n T Te es st ts s Two types of speech materials were chosen for this study to provide two levels of difficulty based on differences in contextual cues. The IEEE sentences (Rothauser et al, 1969) were selected because these sentences are both semantically and syntactically correct, but predictability is not high. Anomalous sentences, syntactically correct but devoid of contextual cues, were computer generated from the vocabulary of the IEEE sentences to be of similar length and phonemic characteristics as the IEEE sentences and were designated "Anomalous" (ANOM) (e.g., "Hang the wheel in the stupid air"). The sentences were equated for difficulty under time-compression conditions in the NCRAR laboratory with young, normalhearing listeners. Sentence scores were averaged over time-compression rates, and based on the distribution of scores, sentences with scores outside 1.5 standard deviations were considered too easy or too difficult and were excluded from the final corpus. All experimental speech recognition materials were time compressed by a custom software algorithm at four different rates (40%, 50%, 60%, and 65%). These time-compression rates were chosen based on sentence recognition performance-rate functions derived from previous research with normally hearing older listeners (Vaughan and Letowski, 1997) . Some lower rates of time compression were included in this study in anticipation of the effects of hearing loss on sentence recognition.
P PR RO OC CE ED DU UR RE ES S
A Au ud di io om me et tr ri ic c P Pr ro oc ce ed du ur re es s All audiometric testing including speech recognition tests took place in a double-walled isolated chamber (Acoustic Systems model 19701A) adjoined to a single-walled control room. A Grason-Stadler (GSI 61) clinical audiometer calibrated to meet current standards (ANSI, 1996) was used for threshold testing and word-recognition testing through insert earphones (Etymotic ER3A). A Grason-Stadler (GSI 33, version 2) Middle Ear Analyzer was used to obtain tympanometric measurements. Speechrecognition materials were prerecorded on compact discs and delivered via the master hearing aid module of the Otowizard (MedRx Inc.) audiometer monaurally to the better ear through the insert earphones. In the case of symmetrical hearing sensitivity, the right ear was chosen as the test ear.
T Ti im me e--C Co om mp pr re es ss si io on n P Pr ro oc ce ed du ur re es s In this study the time-compression rate refers to the amount of compression applied to the signal. For example, a 60% timecompression rate means that the processed speech has a duration of 40% of its original time. A custom software program was used to time compress all the speech materials for this study. This algorithm is based on a modified synchronized-overlap-add (SOLA) method adapted from Hardam (1990) , originally proposed by Roucos and Wilgus (1985) .
A Au ud di io om me et tr ri ic c T Te es st ts s
Pure-tone air-conduction threshold testing was conducted at octave and interoctave frequencies from 250 through 8000 Hz and bone-conduction thresholds at octave frequencies up to and including 4000 Hz.
N Ne eu ur ro op ps sy yc ch ho ol lo og gi ic ca al l T Te es st t P Pr ro oc ce ed du ur re es s
The neurocognitive tests were administered by a neuropsychologist or by psychometrists trained and supervised by the neuropsychologist. Standardized protocols for each test were strictly adhered to, and scoring was according to the test standardized procedures. A standard desktop computer with a large monitor for easier viewing was used to administer computerized neurocognitive tests. Other tests used pencil and paper or live speech presentation with verbal responses. S Sp pe ee ec ch h R Re ec co og gn ni it ti io on n T Te es st t P Pr ro oc ce ed du ur re es s It has been shown in the NCRAR laboratory that three or four sentences are sufficient to familiarize the listener with time-compressed speech. In this study, ten sentences were used for practice at each timecompression rate. Feedback was provided for the first five practice sentences. Each practice set was administered just prior to the actual test at each corresponding rate to prepare participants to listen and respond to speech at that rate. For the experimental sessions, listeners were asked to repeat individual sentences as accurately as possible in each speech recognition test described above. Responses were recorded for later scoring by the examiner and one additional scorer. Scoring was based on percent correct key word recognition. For each test, ten different sentences were presented at each of the test rates during the test session. Each speech recognition test began with ten sentences at the normal rate of speech (0% time compression) for a baseline measurement followed by either two or three time-compression rates. Order of presentation of the compression rates was determined by an adaptive procedure. All participants were initially tested at the 50% time-compression rate (TC50). Those who failed to score better than 60 percent correct were then tested at 40% compression rate (TC40) so that only two rates were tested. Those who scored above 60% correct were tested at the 60% rate (TC60) and moved on to the 65% TC rate (TC65) if they again scored 60% correct or better. If the score was less than 60% correct, they were tested at TC40 in order to provide responses at three rates. Order of Anomalous (ANOM) sentences and IEEE (IEEE) sentences were alternated across sessions.
All sentences were presented at 90 dB SPL monaurally through an ER3A insert earphone. The National Acoustics Laboratory NAL formula (Byrne and Dillon, 1986) for linear hearing aid fitting was applied through the master hearing aid function of the Otowizard computer/audiometer for participants whose hearing loss exceeded 25 dB HL at any frequency in the test ear. The objective of the master hearing aid procedure was to individualize the 90 dB SPL presentation level appropriately for hearing-impaired listeners by adding gain appropriate to the degree and configuration of hearing loss.
R RE ES SU UL LT TS S
T he data reported here are from a threeyear study at the Veterans Affairs National Center for Rehabilitative Auditory Research (NCRAR) at the Portland, Oregon, Veterans Affairs Medical Center. This research was approved by the Institutional Review Board of the Portland VA Medical Center, and all participants signed an informed consent form. After hearing loss criteria were satisfied, an additional 22 participants were excluded from the analyses. Twenty-one were excluded based on BDI-II scores of greater than 19, and one was excluded for CVLT-II z-score less than -2. None was excluded for a WASI IQ score of less than 70. The data were analyzed for 176 participants. Table 1 displays the mean sentence recognition scores and standard deviations for each time-compression rate and for the normal rate for each type of sentence (ANOM and IEEE). Number of participants (n) who participated in each sentence condition (type and rate) varied. The results of a paired T-test confirmed that the IEEE overall mean scores were significantly better than the ANOM at all rates (p = .000) except at 65% time compression (p = .443). At the 65% rate, average scores for both types of sentences were below 50%, and scores were slightly higher on the ANOM sentences than on the IEEE.
The adaptive nature of the speech recognition testing resulted in fewer scores at the lowest time-compression (TC) rate (40%) because only listeners who were unable to achieve a 60% correct score or better at 50% and 60% were tested at the slower 40% rate. Fewer listeners also were able to progress to the (most difficult) 65% time-compression rate, and scores at that rate may be no better than chance. For this report, further analyses were carried out only for the 50% and 60% rates resulting in four sentence conditions, two sentence types based on context, and two rates of speech: IEEE 50%, IEEE 60%, ANOM 50%, ANOM 60%. Figure 1 displays the means and standard errors for only these four sentence conditions. It can readily be seen that the rate of speech (50% or 60%) had a greater effect on speech recognition than type of sentence (IEEE, ANOM) for these speech materials.
The goal of this study was to identify age-related cognitive changes that are associated with speech-understanding deficits in an older population. It was expected that time-compressed speech would be sensitive to the effects of specific cognitive functions, with working memory as the primary contributor to speech recognition deficits, and processing speed and attention as secondary factors. The neurocognitive tests were divided into three categories a priori: five tests of working memory (three visual and two auditory), three tests of processing speed, and two tests of attention. Raw overall scores from this battery of ten tests were subjected to a principal components analysis (PCA) with varimax rotation in order to reduce the number of cognitive variables and to identify appropriate groupings for those variables. The PCA resulted in three major cognitive components with eigenvalues greater than one (Table 2) accounting for approximately 60% of the total variance: "Component One," Note: Number of participants (n) varies across sentence conditions due to the adaptive method of test.
labeled as "nonsequential working memory" (WM-NS), accounting for 22.4% of the variance; "Component Two," labeled as "processing speed" (PS), accounting for 19.5% of the variance; and "Component Three," labeled as "sequential working memory" (WM-S), accounting for 19.2% of the variance. As indicated, two separate working memory components were identified by the PCA in addition to a processing-speed component. The WM-S component, at first glance, appears to be an auditory working memory variable, since all three of the tests included in that component are verbal tests while the working memory tests in WM-NS include computerized visual tests. However, there is another unique characteristic that distinguishes the working memory tests in the WM-S component from those in the WM-NS component. Performance on each of the working memory tasks in WM-S critically depends on sequencing of stimulus and response items. The visually presented working memory tests (N-Back and SOP) in WM-NS do not involve sequential ordering of stimuli, although both are putative working memory tasks (Daigneault and Braun, 1993; Petrides et al, 1993; West et al, 1998; Ross and Segalowitz, 2000) , and the N-Back has been associated with prefrontal cortex activity on fMRI (Honey et al, 2000; Jansma et al, 2000) .
WM-NS consists of two computerized (Nback and SOP) working memory tasks, one computerized (CPT), and one auditory (BTA) attention/vigilance task. Of the two working memory tests, the N-back test requires continuous monitoring of ongoing stimuli (letters) while tracking a changing target (any letter that occurred one back or three back). The subject-ordered pointing (SOP) test is a tracking task also, using abstract drawings that are rearranged on each consecutive screen. The task is to choose a different picture each time in spite of the changing locations. There are 8, 10, or 12 drawings per screen depending on the version of the test. The auditory attention (BTA) and computerized vigilance (CPT) tasks included in WM-NS are easily reconciled with the focused attention required for the N-Back and SOP WM tests. Note that the Digit Symbol Coding (DSC) test shared similar variances with all three components. It is a complex paper and pencil test that is known to be influenced by all three variables of interest: working memory, processing speed, F Fi ig gu ur re e 1 1. . Group means and standard errors for each sentence type (IEEE vs. ANOM) at two timecompression rates (50% and 60%). and attention (Lezak, 1995) . Participants were divided into "LOW," "MID," and "HIGH" subgroups using cognitive component scores on each of the three components from the PCA. The LOW groups were comprised of component scores at and below the 25th percentile, and the HIGH groups of scores were at and above the 75th percentile for the two working memory components. Since the processing-speed component reflects response latencies, the faster responses (HIGH group) were represented by the 25th percentile and below while the slower responses (LOW group) were comprised of the scores at and above the 75th percentile. The interquartile range (middle 50% scores) constituted the MID groups of all three component scores. Table 3 displays mean ages and pure-tone averages (.5, 1, 2, 4 kHz) for each subgroup for each cognitive component. Note that for the WM-NS subgroups, the HIGH cognitive performers are, as one might expect, younger than the LOW and MID performers. However, this same pattern does not hold for WM-S and PS subgroups.
It was hypothesized that poor cognitive performers would also perform poorly on the time-compressed speech recognition tests. Figures 2a and 2b show a consistent pattern for sentence scores of subgroups within both working memory (WM-S and WM-NS) components. The HIGH cognitive groups are shown to have the best sentence recognition scores, and LOW cognitive groups reveal the poorest sentence recognition scores. However, there is no consistent sentence score pattern for the three subgroups within the PS component (Figure 2c) .
Analyses of covariance (Table 4) were carried out to compare performance of HIGH, MID, and LOW cognitive groups on the sentence recognition tests within each of the 50% and 60% time-compression sentence conditions. Subscript numbers indicate the results of post hoc tests for each pair of comparisons. Main effects are adjusted for pure-tone threshold average hearing loss (500 Hz, 1000 Hz, 2000 Hz, 4000 Hz) with aided thresholds for those who were tested with the Master Hearing Aid (MHA). This initial analysis was not adjusted for age either by using age as a covariate or by using age-adjusted cognitive test scores within this limited range of ages.
F Fi ig gu ur re e 2 2. . WM-S = sequential working memory (a); WM-NS = nonsequential working memory (b); and PS = processing-speed subgroup sentence scores for each sentence condition (type by rate) (c).
The ANCOVAs were conducted using the SPSS V.13 statistical package with LSD post hoc comparisons. There were no significant differences among any of the subgroups from the Processing Speed component of the cognitive tests. The differences among subgroups of the Sequential Working Memory (WM-S) component were significant for all of the sentence conditions, although the differences were greater for the ANOM than for the IEEE sentence types. The subgroups of the Nonsequential Working Memory (WM-NS) differed significantly for the IEEE sentence performance but not for the ANOM sentences. When the ANCOVAs were repeated adjusting for both hearing loss and age, the significant differences among the groups for WM-S persisted, but the differences among the WM-NS subgroups were eliminated. This change in outcomes after adjusting for age suggested that the effect of WM-NS performance was age related.
To establish the association between the age range used in the current study and each of the three cognitive components, Pearson correlations were calculated. The correlation between age and WM-NS (r = -448) was significant (p < .0001), and that component showed the strongest correlation with age. Processing speed (PS) showed a weaker correlation with age (r = .186) although it was significant also (p = .047). The correlation between age and WM-S was very small (r = -.078) and was not statistically significant (p = .410). To further pursue the differences in cognitive performance due to aging, the participants were divided into age groups as follows: 50-to 59-year-old (middle-aged) and 60+ years (older). A comparison of these two age groups on performance on each of the cognitive components of the PCA revealed significant differences on both WM-NS (F = 17.846, p < .0001) and PS (F = 4.427, p = .038), but the two age groups performed similarly on the WM-S tasks (F = 1.7779, p = .185).
D DI IS SC CU US SS SI IO ON N I t has been suggested that, in order to identify the role of cognitive components in speech understanding difficulties, it is necessary to use cognitive measures that are specific to speech processing (Sommers, 1997; Hallgren et al, 2001 ). In the current study, the cognitive tests were targeted to identify associations of specific age-related cognitive deficits such as working memory, processing speed, and attention with the ability to process rapid speech for sentence recognition. Principal component analysis identified two Note: WM-S = sequential working memory; WM-NS = nonsequential working memory; PS = processing speed. Significant p-values are bolded. Significant post hoc comparisons are shown as superscripts: 1 = LOW vs. HIGH, 2 = LOW vs. MID, 3 = HIGH vs. MID. The nonsequential working memory component (WM-NS) was associated with age as well as with speech recognition, consistent with our primary hypothesis. However, the WM-NS component included attention tests in addition to two working memory tests. An alternative interpretation of this component is that it reflects primarily an attention or a focused attention factor. Two working memory tests (n-back and SOP) that loaded on this component require continuous monitoring of successive stimuli with a changing target. At the neural level, the function of both attention and working memory in spoken language processing is to sustain activation of neural representation of information. It has been suggested that they are essentially the same process but that they differ in that attention is externally focused, while working memory is internally focused (Fuster, 2003) . This dual working memory and attention component (WM-NS) showed a significant correlation both with age and with IEEE sentence recognition.
The WM-S (sequential working memory) showed a more robust association with the speech recognition performance but was not associated with age. This is in contrast to a recent study by Humes and Floyd (2005) that found age effects on other sequencing measures including sequence memory and sequence learning. The results showed that young normal-hearing participants were able to both learn and correctly repeat longer sequences than older participants. The sequence memory task was mildly to moderately correlated with the WAIS-R digitspan scores associated with working memory.
The authors found mild-to-moderate correlations also between the sequencing scores and measures of aided and unaided speech recognition performance in elderly listeners. Contrary to the findings of the current study, their results suggest that poorer sequencing skills that relate to speech understanding are age related. However, it should be noted that and elderly (62-to 86-years-old) listeners while, in the current study, ages ranged from 50 (middle-aged) to 75 years. Thus, the age comparison in the current study shows performance differences only between middleaged (50-to 59-years-old) and older (60-to 75-years-old) participants. As discussed earlier, both changes in cognitive function and in processing of temporally altered speech begin much earlier than "old" age. We are currently testing young adults (18-30 years old) to investigate the role of cognitive function in rapid speech recognition across a wider age span.
Sequencing ability is associated with higher cognitive function (Marshuetz, 2005) but involves also lower level temporal auditory processes. A recent study by Surprenant and Watson (2001) found that intellectual/academic measures obtained from archival academic records (GPA/SAT) were associated with temporal order test scores from a psychoacoustic test battery (Test of Basic Auditory Capabilities; Watson et al, 1982) . However, those same tests were not associated with the results of speech recognition tests. They concluded that temporal ordering skills (i.e., sequencing) were related to general cognitive skills but not to speech processing although specific cognitive skills or functions were not tested in this study. Rather, cognitive status was inferred from the academic scores on previously administered standardized tests. The association of speech processing with working memory in the current study was likely due to the fact that more complex sentence-level materials at increased rates of speech required higher-level cognitive processing. The sequences of pure tones and of nonsense syllables used in the temporal ordering tests (Surprenant and Watson, 2001) may not provide enough cognitive load to reveal associations with more complex speech stimuli. Contrary to the Surprenant et al findings, Tallal et al (1985 Tallal et al ( , 1996 has shown that temporal processing deficits are related to speech perception disorders in children.
In addition to the differences involving the effects of age and attention between the two working memory components in the current study, a third difference was the effect of sentence type (IEEE and ANOM) on sentence recognition performance. The WM-NS cognitive subgroups differed significantly on sentence recognition performance only for IEEE sentences but not for ANOM sentences. In contrast, among the WM-S subgroups, the significant differences in sentence recognition performance for ANOM sentences were more robust than those for IEEE sentences in either working memory component. Although Figure 1 suggested that rate of speech had a greater effect than type of sentence overall, when differences in cognitive functions were considered, the sequencing working memory functions were more important in the ability to understand speech that lacked contextual information even though proper syntax was maintained. One potential theory may be constructed based on electrophysiologic evidence of timing in speech processing.
Appropriate sequences of acoustic and phonetic elements are fundamental to both written and spoken language. It has been demonstrated that sequence processing is important for vocabulary acquisition and language production (Dell et al, 1997; Burgess and Hitch, 1999) , but it may also be critical for speech understanding. Speech sequences occur at the word and sentence level as well as at the phoneme level, and processing must be fast enough to keep pace with typical speech rates of 200 to 270 words per minute (200 to 300 msec per word). Studies have shown that event-related potentials (ERPs), neural responses used to study the cognitive effects of certain changes in speech stimuli, occur as late as 400 msec to 800 msec poststimuli (Hagoort et al, 1993; Hagoort and Brown, 2000; Kutas and Iragui, 1998) . This suggests that the rate of word presentation is faster than some higher-level language processing, thus the need for working memory to store information while simultaneously processing additional incoming information. When speech rate is increased, the demands on working memory are increased because the delay between the peripheral perception and processing is increased. The same is true when processing is slowed because of aging. The ANOM sentences in this study may have further increased working memory demands due to incongruous semantic and syntactic information (Gunter et al, 1995) added to the already heavy demands of the rapid speech.
The present findings have some limitations. The reported interim results have a limited focus and do not address all possible issues. For instance, the complex multivariate nature of our data suggests several alternate methods of analysis. Also, our participants' ages encompass a 25-year span, and although we accounted for age and hearing loss in the ANCOVA, there may be differences between youngest and oldest members of the sample that current analyses do not reveal. It has also not been possible, from these data, to determine which of the time-compressed speech recognition tests may be most sensitive to the cognitive issues raised in this report. We currently are obtaining data from participants younger than age 50. With an expanded sample from our continuing study in the future, it will be possible to assess age-related differences and to investigate the sensitivity of the speech recognition tests.
Cognitive measures that are specific to speech processing should be assessed in relation to understanding of different types of distorted speech. These findings have taken a step toward that goal. Future research should specifically address the issue of sequencing-dependent working memory and determine whether difficulties caused by rate of speech involve different cognitive processes than the difficulties encountered in noise for older listeners. With the advance of sophisticated signal processing technology in hearing aids, it is important to determine how this technology can be best used for older clients. Recent research involving signal processing strategies has shown that listeners who demonstrate better cognitive performance are better able to benefit from and also prefer nonlinear processing of aided speech using rapid time constants such as that in wide dynamic range hearing aids (Gatehouse et al, 2006a (Gatehouse et al, , 2006b . Others with poorer cognitive function prefer linear amplification. Continued research is planned at the NCRAR to investigate the use of timecompressed speech as a clinical tool to improve the accuracy of assessment of hearing aid benefit for older listeners based on potential cognitive changes. Further development of time-compressed speech tests may provide the clinician with simple auditory tests for specific cognitive deficits that affect speech recognition, particularly speech altered by temporal distortions.
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